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BANDGAP REFERENCE CIRCUIT
INCLUDING VERTICALLY STACKED
ACTIVE SOI1 DEVICES

BACKGROUND

The present disclosure relates to integrated circuits, and
more specifically, to a bandgap reference circuit including
vertically stacked active silicon-on-insulator (SOI) devices.

In many state of the art integrated circuits, an accurate
voltage reference that has a low sensitivity to the supply
voltage, low sensitivity to variable process and model
parameters, and low sensitivity to temperature 1s required.
The bandgap voltage of silicon 1s independent of supply
voltage, nearly independent of temperature, and shows
almost no dependence upon process. For these reasons, most
accurate voltage references that are used today are designed
to have an output voltage that 1s proportional to the bandgap
voltage. Such a voltage reference 1s referred to as a “band-
gap reference.”

Many conventional bandgap reference circuits utilize
bipolar transistors 1 a diode-connected configuration. When
implemented a bandgap reference circuit using complemen-
tary metal-on-insulator (CMOS) devices, the bipolar tran-
sistors are implemented using parasitic vertically stacked
PNP (VPNP) devices 1n a diode-connected configuration.
However, VPNP devices are typically very large compared
to surrounding CMOS devices.

SUMMARY

A first aspect of the disclosure 1s directed to a bandgap
reference circuit, including: first and second vertically
stacked structures, the first and second vertically stacked
structures each including: a P-type substrate; a P-well region
within the P-type substrate; an N-type barrier region
between the P-type substrate and the P-well region, the
P-well region and the N-type barrier region forming a PN
junction; a field effect transistor (FET) above the P-well
region, separated from the P-well region by a buried 1nsu-
lator layer, the P-well region forming a back gate of the FET;
and a first voltage source coupled to the P-well and applying
a forward bias to a diode formed at the PN junction between
the P-well region and the N-type barrier region.

A second aspect of the disclosure i1s directed to an
integrated circuit, including: a bandgap reference circuit for
generating a reference current, the bandgap reference circuit
including: first and second vertically stacked structures, the
first and second vertically stacked structures each including:
a P-type substrate; a P-well region within the P-type sub-
strate; an N-type barrier region between the P-type substrate
and the P-well region, the P-well region and the N-type
barrier region forming a PN junction; a field effect transistor
(FET) above the P-well region, separated from the P-well
region by a buried insulator layer, the P-well region forming,
a back gate of the FET, wherein the FET 1n the first vertically
stacked structure and the FET in the second vertically
stacked structure form a current mirror; and a first voltage
source coupled to the P-well and applying a forward bias to
a diode formed at the PN junction between the P-well region
and the N-type barrier region, wherein the first voltage
source concurrently biases the back gate of the FET.

A third aspect of the disclosure i1s directed to bandgap
reference circuit with vertically stacked active silicon-on-
insulator (SOI) devices, including: a P-type substrate; a
P-well region within the P-type substrate; an N-type barrier
region between the P-type substrate and the P-well region,

10

15

20

25

30

35

40

45

50

55

60

65

2

the P-well region and the N-type barrier region forming a PN
junction; a field effect transistor (FET) above the P-well
region, separated from the P-well region by a buried 1nsu-
lator layer, the P-well region forming a back gate of the FET;
and a first voltage source coupled to the P-well and applying
a forward bias to a diode formed at the PN junction between
the P-well region and the N-type barrier region, wherein the
first voltage source concurrently biases the back gate of the
FET.

The foregoing and other features of the disclosure will be

apparent from the following more particular description of
embodiments of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The embodiments of this disclosure will be described 1n
detail, with reference to the following figures, wherein like
designations denote like elements,

FIG. 1 depicts a conventional bandgap reference circuit.

FIG. 2 depicts a semiconductor structure with vertically
stacked active silicon-on-insulator (SOI) devices according
to embodiments.

FIG. 3 1s an equivalent circuit for the semiconductor
structure 200 depicted 1n FIG. 2, according to embodiments.

FIG. 4 1s equivalent circuit of the semiconductor structure
of FIG. 2 1n a diode-connected configuration, according to
embodiments.

FIG. 5 depicts a bandgap reference circuit according to
embodiments.

FIG. 6 depicts a bandgap reference circuit according to
embodiments.

FIG. 7 depicts an example of the area reduction provided
by a bandgap reference circuit according to embodiments.

FIG. 8 depicts output voltages (measured and simulated)
at different temperatures for a conventional bandgap refer-
ence and a bandgap reference circuit according to embodi-
ments.

FIG. 9 depicts output voltages (measured and simulated)
at different supply voltages for a conventional bandgap
reference circuit and a bandgap reference circuit according
to embodiments.

It 1s noted that the drawings of the disclosure are not
necessarily to scale. The drawings are intended to depict
only typical aspects of the disclosure, and therefore should
not be considered as limiting the scope of the disclosure. In
the drawings, like numbering represents like elements
between the drawings.

DETAILED DESCRIPTION

In the following description, reference is made to the
accompanying drawings that form a part thereof, and 1n
which 1s shown by way of illustration specific exemplary
embodiments i which the present teachings may be prac-
ticed. These embodiments are described 1n suflicient detail
to enable those skilled in the art to practice the present
teachings, and it 1s to be understood that other embodiments
may be used and that changes may be made without depart-
ing from the scope of the present teachings. The following
description 1s, therefore, merely illustrative.

A bandgap reference circuit implemented using vertically
stacked active silicon-on-insulator (SOI) devices according
to embodiments 1s described herein. A very compact band-
gap relerence circuit 1s provided by stacking active SOI
devices (e.g., field eflect transistors (FE'Ts)) over diodes) to
significantly reduce the area required by the bandgap refer-
ence circuit.
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FIG. 1 depicts a conventional complementary metal-on-
insulator (CMOS) bandgap reference circuit 200. The band-
gap reference circuit 200 includes FETs 102, 104, an opera-
tional amplifier 106, resistors R1, R2, R3, and bipolar
transistors (BJTs) 108, 110 (e.g., parasitic VPNP devices) in
a diode-connected configuration.

The bandgap reference circuit 100 1s used to generate a
voltage reference (~1.2 V) that remains stable over a wide
temperature range. The operational amplifier 106 ensures
that the voltage at nodes ‘a’ and ‘b’ are at the same voltage.
There 1s a voltage difference between the two BJTs 108, 120
caused by the difference 1n their device sizes (e.g., 8:1 1n this
example). This voltage appears across resistor R1, and 1s
referred to as a ‘proportional to absolute temperature’
(PTAT) voltage. Typically, to obtain a size difference of N
between the BITs 108, 110 in the design of the bandgap
reference circuit 100, the BJT 108 1s copied and placed N
times 1n the design to create the BJT 110, resulting 1n a size
ratio between the BJT 108 and the BJT 110 of 1:N.

In contrast to the PTAT voltage, the voltage across the
BJITs 108, 110 1s a ‘complementary to absolute temperature’
(CTAT) voltage. The CTAT voltage and the PTAT voltage,
which 1s scaled up using the resistor R2, are added together
so that their temperature dependencies cancel. The resultant
output voltage V ., at the node connecting the resistors R2
and R3 remains approximately constant over temperature.

A semiconductor structure 200 (structure 200) including
vertically stacked active silicon-on-insulator (SOI) devices
according to embodiments 1s depicted in FIG. 2. An equiva-
lent circuit 300 for the structure 200 1s depicted i FIG. 3.
An equivalent circuit 400 with the structure 200 in a
diode-connected configuration 1s depicted in FIG. 4. As will
be presented 1n greater detail herein, the structure 200 may
be 1ncluded 1n a bandgap reference circuit to significantly
reduce power requirements and the area required by the
bandgap reference circuit (e.g., on an mtegrated circuit (IC)
chup/device. The structure 200 includes a PNP junction
vertically beneath and aligned with a FE'T. The PNP junction
may operate as a BJT and may be configured to operate as
a diode. In this context, “vertically aligned” or “vertical
alignment™ refers to the FE'T being positioned vertically
above two PN junctions, which together form the PNP
junction and are at least partially horizontally overlapping
relative to a source-to-drain electrical pathway across the
FET.

A PN junction 1s a device structure in which P-type and
N-type semiconductor regions are brought into contact with
cach other, thereby creating a potential barrier. The size of
the potential barrier 1s determined by the bias applied
between the P-type and N-type regions. A PN junction, when
formed 1n a device, may operate as a diode. A diode 15 a
two-terminal element which behaves differently from con-
ductive or msulative materials between two points of elec-
trical contact. Specifically, a diode provides high conduc-
tivity from one contact to the other 1n one direction (1.e., the
‘forward’ direction) but provides little to no conductivity in
the opposite direction (1.e., the ‘reverse’ direction). In the
case of the PN junction, the orientation of a diode’s forward
and reverse directions may be contingent on the type and
magnitude of bias applied to the material composition of one
or both terminals, which aflects the size of the potential
barrier. In the case of a junction between two semiconductor
materials, the potential barrier will be formed along the
interface between the two semiconductor materals.

The structure 200 may be formed from a substrate 202
including, e.g., one or more semiconductor materials, and
may be implanted with P-type dopants. The structure 200
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may also include a P-well region 204 formed within the
substrate 202, e.g., by vertical 1on implantation, such that an
upper surface of the P-well region 204 1s aligned, and thus
shared, with an upper surtace of the substrate 202. Although
the P-well region 204 may have the same doping type as the
substrate 202, the P-well region 204 may have a higher or
lower dopant concentration than substrate 202. The P-well
region 204 thus may be distinguished from the substrate 202
at least partially based on 1ts doping concentration, dopant
materials, etc., even where the P-well region 204 and the
substrate 202 are of the same doping type.

To form a three terminal PNP junction (e.g., for a BJT) as
discussed herein, the structure 200 may include an N-type
doped barrier region 206 (barrier region 206) between the
substrate 202 and the P-well region 204. The barrier region
206 may be formed within the substrate 202 before the
P-well region 204 1s formed, and the P-well region 204 1n
such cases may be formed within the barrier region 206. In
any case, the barrier region 206 may be formed within the
substrate 202 to a depth less than the total thickness of the
substrate 202, but may have an upper surface coincident
with the upper surface of the P-well region 204. The barrier
region 206 may be formed by mmplanting N-type dopants
into the substrate 202 and/or precursor semiconductor mate-
rial by any currently known or later developed technique,
¢.g., 1on 1mplantation. N-type dopants are elements intro-
duced mto semiconductor materials to generate free elec-
trons, e.g., by “donating” an electron to semiconductor.
N-type dopants must have one more valance electron than
the semiconductor. Common N-type donors 1n silicon (S1)
include, e.g., phosphorous (P), arsenic (As), and/or anti-
mony (Sb).

Transistors (e.g., FE'T 210 discussed herein) and/or other
devices may be formed on the P-well region 204 to drive
various operations ol a device, e.g., logic, electrical func-
tions, etc. In the structure 200, the P-well region 204 may act
as a back gate region for controlling the electrical properties
of a transistor formed thereon. A buried msulator layer 208,
also known 1n the art as a “buried oxide” or “BOX” layer,
can separate the P-well region 204, as well as the substrate
202 and the barrier layer 206 where applicable, from over-
lying portions of a transistor structure, such as the FET 210.
The buried 1nsulator layer 208 may be composed of one or
more oxide compounds, and/or any other currently known or
later-developed electrically mnsulative substances. The bur-
ied msulator layer 208 may be sized as narrow as possible
to provide better interaction with the P-well region 204.
Where transistors formed on the buried insulator layer 208
also feature functional components of a similar thickness
scale, the structure 200 may be considered to be a “fully
depleted semiconductor on 1insulator” (FDSOI) structure.
Because of the use of the P-well region 204, the structure
200 can be considered to be a ‘flipped well” device. The use
of FDSOI technology provides various advantages such as
an adjustable electric transistor potential by applying a bias
to the P-well region 204.

A FET 210 may be formed over the buried insulator layer
208, such that the buried insulator layer 208 physically
separates the FE'T 210 from the P-well region 204. The FET
210 may take the form of a three-terminal transistor accord-
ing to any one of several device architectures. The FET 210
1s shown for the purposes of example as being a planar FET,
but 1t 1s understood that various embodiments of the disclo-
sure may also include FET(s) 210 1n the form of fin-type
FETs (“FinFETs”), nanosheet transistors, vertically-oriented
FET(s) (“VFETs”), and/or any other currently known or
later developed transistor architecture, and may include P
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and N-type FETs. The buried 1nsulator layer 208 can sepa-
rate the P-well region 204 from a source (S) region, a drain
(D) region, and a channel region 214 positioned between the
source S and drain D regions.

The source S and drain D regions and the channel region

214 of the FET 210 may electrically couple a source
terminal 216 of the FET 210 to a drain terminal 218 when
the FET 210 1s 1n an on state. A gate (G) stack 220 can be
positioned over the channel region 214, such that a voltage
applied to the gate terminal 222 controls the electrical
conductivity between the source and drain terminals 216,
218 through the source S and drain D regions and the
channel region 214. The gate stack 220 can have, e.g., one
or more ¢lectrically conductive metals therein, 1n addition to
a gate dielectric material (indicated with white space
between bottom of the gate stack 220 and the channel region
214) for separating the conductive metal(s) of the gate stack
220 from at least the channel region 214. In conventional
settings, the FE'T 210 would be the single electrically active
component formed over a respective portion of the substrate
202. Embodiments of the disclosure, however, allow a PNP
junction, and thus a BJT or one or more diodes, to be formed
in vertical alignment with the FET 210. To form the PNP
junction, biases may be applied to the various doped semi-
conductor materials (1.e., the substrate 202, the P-well region
204, and the barrier region 206) in the structure 200.

To apply independent biases to the substrate 202, the
P-well region 204, and the barrier region 206, embodiments
of the disclosure may include forming conductive elements
to each of the respective regions. To prevent electrical
shorting and/or unintended biasing of nearby elements, the
structure 200 may include a group of trench 1solation regions
224 for electrically and physically separating the various
doped matenals of structure 200 from each other. The trench
isolation regions 224 may be composed of an insulating
material such as silicon dioxide (510,) or a ‘high-k’ dielec-
tric. The trench isolation regions 224 may be formed by
cetching targeted portions of the structure 200 to create
openings and forming one or more insulative materials
within the openings, e.g., by deposition.

As shown, the trench 1solation regions 224 may be
positioned adjacent the interior vertical surfaces of the
barrier region 206. The trench 1solation regions 224 may be
formed to separate various contacts from each other and/or
from other doped materials of the structure 200. For
example, the structure 200 may include a contact 226 to the
P-well region 204. The contact 226 (and other contacts
described heremn) may include one or more conductive
materials formed on and/or partially within the P-well region
204, ¢.g., one or more conductive metals and/or conductive
silicide regions. The contact 226 additionally may include,
e.g., refractory metal liners (not shown) to horizontally
separate conductive materials of the contact 226 from the
trench 1solation regions 224 and/or other horizontally adja-
cent materials. Such liners may include materials such as but
not limited to: tantalum nitride (TaN) and tantalum; tantalum
nitride, tantalum and cobalt; and magnesium (Mn), or com-
binations thereof.

A voltage source V1 may be electrically coupled to a
contact 228 to apply a respective bias to the barrier region
206. In addition, a voltage source V2 may be electrically
coupled to a contact 230 to apply a respective bias to the
substrate 202. Further, a voltage source V3 may be electri-
cally coupled to the contact 226 to apply a voltage bias (e.g.,
‘back gate bias’) to the P-well region 204. In the case of an
FDSOI transistor architecture, the voltage source V3 may
influence the initial conductivity between the source S and
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drain D regions of the FET 200 through the channel region
214. Applying a voltage V3 to the contact 226 can induce an
clectric charge within the P-well region 204, which creates
a difference 1n electrical potential between the P-well region
204, the source S and drain D regions, and the channel
region 214 across the buried isulator layer 208. Among
other eflects, this difference in the electrical potential
between the P-well region 204, the source S and drain D

regions, and the channel region 214, can aflect the threshold
voltage VT of the FET 210. The threshold voltage VT of the
FET 210 refers to the minimum voltage for inducing elec-
trical conductivity across the channel region 214 between
the source S and drain D regions. Electrically biasing the
P-well region 204 may reduce or increase the threshold
voltage VT required to operate the FET 210. These charac-
teristics of an FDSOI structure, among other things, can
allow a reduced width (saving silicon area) relative to
conventional applications and transistor structures.

FDSOI technology transistors, where included in the
structure 200, offer the ability to apply a bias to the P-well
region 204 to manipulate the threshold voltage VT (.e.,
minimum voltage for channel formation) of the FET 210. As
noted herein, the bias applied to the P-well region 204 may
also be electrically coupled to other elements of the structure
200 to provide additional functions and/or elements of the
structure 200.

Parasitic diodes D1, D2, and D3, may be formed within
the structure 200, below the FET 210. Parasitic diodes D1
and D2 may be formed at the PN junction formed between
the substrate 202 and the barrier region 206. Parasitic diode
D3 1s formed at the PN junction formed between the P-well
region 204 and the barrier region 206. According to embodi-
ments, the voltage sources V1 and V2 may be used to apply
a negative bias to the substrate 202 and the barrier region
206 to reverse bias the diodes D1, D2, while the voltage
source V3 may be used to apply a positive bias to the P-well
region 204 to forward bias the diode D3. An equivalent
circuit 300 for the structure 200 1s depicted 1n FIG. 3.

An equivalent ‘diode’ circuit 400 of the structure 200 1n
a diode-connected configuration 1s depicted in FIG. 4. In the
diode-connected configuration, the gate G, source S, and
drain D of the FET 210 are connected to ground. The
voltages V1 and V2 are also connected to ground. A positive
bias voltage (V3) 1s applied to the back gate B (e.g., P-well
region 204) of the structure 200.

FIG. 5 depicts a bandgap reference circuit 500 according
to embodiments. Comparing FIG. 1 with FIG. 3, it can be
seen that each of the FETs 102, 104 (FIG. 1) has been
replaced using the FE'T 210 1n the structure 200. In addition,
cach of the parasitic VPNP devices (e.g., the BITs 108, 110
in a diode-connected configuration) has been replaced with
the diode circuit 400 1n the structure 200 (e.g., the structure
200 1s 1n a diode-connected configuration). To this extent,
four instances of the structure 200 are required to implement
the bandgap reference circuit 500 shown in FIG. 5. In the
structures 200 containing the FETs 210, the voltages V1, V2,
and V3 are tied to ground. In the diode circuits 400, the
voltages V1, V2 are tied to ground and the voltage V3 i1s the
voltage at the node ‘a’, or at the node °b’.

According to embodiments of the disclosure, the vertical
stacking of active devices in the structure 200 can be
exploited to provide a bandgap reference circuit 600 that
requires significantly less area (e.g., on an IC), without
sacrificing performance. For example, 1in the bandgap rei-
erence circuit 600 depicted 1n FIG. 6, a combined device 602

(e.g., 602A, 602B) 15 provided (using the structure 200) that




US 11,309,435 B2

7

combines the functionality of the FET 210 and the diode
circuit 400 (as indicated by arrows X, Y in FIG. 5).
Similar to the bandgap reference circuit 100 depicted 1n
FIG. 1, the bandgap reference circuit 600 1s configured to
generate a reference output voltage V. (~1.2 V) at an

output node ‘c’ which remains stable over a wide tempera-

ture range. Each combined device 602A, 602B includes a
FET 604 A, 604B and a forward biased parasitic diode 606 A,
606B. The FETS 604A, 604B form a current mirror.
There 1s a voltage diflerence between the two FETs 604 A,
6048 caused by the diflerence 1n their device sizes (e.g., 8:1
in this example). This voltage appears across resistor R1,
and 1s referred to as a ‘proportional to absolute temperature’
(PTAT) voltage. The size difference N between the FETs
604A, 6048 may be obtained 1n a number of ways. For
example, to obtain a size diflerence of N between the FETSs
604A, 6048 1n the design of the bandgap reference circuit
600, the FET 604A (and other portions of the structure 200
(e.g., P-well region 204, barnier region 206, substrate 202,
¢tc.)) may be copied and placed N times to create the FET

—

6048 1n the design, resulting 1n a size ratio between the FET
604A and the FET 604B of 1:N.

The voltage across the parasitic diodes 606 A, 6068 1s the
‘complementary to absolute temperature’ (CTAT) voltage.
The CTAT voltage and the PTAT voltage, which 1s scaled up
using the resistor R2, are added together so that their
temperature dependencies cancel. The resultant output volt-
age V ., at the node ‘¢’ connecting the resistors R2 and R3
remains approximately constant over temperature.

In the bandgap reference circuit 600, the voltages V1, V2
are tied to ground and the voltage at both of the nodes ‘a’ and
‘b’ 1s V3. The diode 606A in the combined device 602A 1s
forward biased by applying the voltage V3 at node ‘a’ to the
back gate B of the FET 604A. The diode 606B 1s forward
biased by applying the voltage V3 at node ‘b’ to the back
gate B of the FET 604B. The source S of each FET 604 A,
6048 1s tied to a supply voltage VDD.

The mnputs of an operational amplifier 608 are coupled to
nodes ‘a’and ‘b’. The output of the operational amplifier 608
1s coupled to the gate G of each FET 604A, 604B. The
operational amplifier 608 ensures that the voltage at nodes
‘a’ and ‘b’ 1s at the same voltage V3.

The resistor R1 1s connected between node ‘b’ and the
back gate B of the FET 604B in the combined device 602B.
The resistor R2 1s connected between node *b” and the drain
of the FE'T 604B. The resistor R3 1s connected between node
‘a’ and the drain D of the FET 604 A 1n the combined device
602A.

As described herein, the vertical stacking of active
devices 1n the structure 200 can be exploited to provide a
bandgap reference circuit 600 that requires significantly less
area (e.g., on an IC), without sacrificing performance. Based
on simulated and measured silicon (S1) results, and similar
to conventional bandgap reference circuits, the bandgap
reference circuit 600 1s capable of producing an output
voltage V., of ~1.2 V, independently of supply voltage
VDD and over a wide range of temperatures. Further, again
compared to conventional bandgap reference circuits, the
bandgap reference circuit 600 requires less supply current
(I,5) and thus has a lower power requirement.

An example of the area reduction provided by the band-
gap reference circuit 600 1s depicted 1 FIG. 7. The larger
rectangle 700 represents the area required to implement a
conventional bandgap reference circuit including parasitic
vertical PNP transistors (e.g., the bandgap reference circuit
100 (FIG. 1)), designed 1n silicon (S1) using a given semi-
conductor processing technology (e.g., GlobalFoundries
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22FDX). The smaller rectangle 702 represents the area
required by a bandgap reference circuit 600 according to
embodiments, designed 1n S1 using the same semiconductor
processing technology. Area and supply current (I,,,,) mea-
surements for the conventional bandgap reference circuit
and the bandgap reference circuit 600 are provided below:

Conventional Bandgap Reference Circuut
(Area=67601° I5,=97 HA);

Bandgap Reference Circuit 600 (Area=1050p7,
Ipp=34 PA).

To this extent, the bandgap reference circuit 600 provides an
area reduction of about 85% and a supply current reduction
ol about 65%.

FIG. 8 depicts output voltages V ,,,- (measured (S1) and
simulated) at different junction temperatures for a conven-
tional bandgap reference (BGR) circuit (e.g., bandgap ref-
erence circuit 100) and the bandgap reference circuit 600
according to embodiments. FIG. 9 depicts output voltages
V o (measured (S1) and simulated) at different supply
voltages VDD for a conventional bandgap reference circuit
(e.g., bandgap reference circuit 100) and the bandgap ret-
erence circuit 600 according to embodiments. As shown, the
performance of the conventional bandgap circuit and the
performance of the bandgap reference circuit 600 are com-
parable. For example, tithe conventional bandgap reference
circuit and the bandgap reterence circuit 600 according to
embodiments produce an output voltage of ~1.2 V over a
wide range ol temperatures (FIG. 9) that 1s substantially
independent of supply voltage VDD (FIG. 8). However, as
detailed herein, the bandgap reference circuit 600 requires
much less area and uses less power than conventional
bandgap circuits.

Embodiments of the disclosure may provide several tech-
nical and commercial advantages, some of which here
discussed herein by way of example. A structure 1s provided
that allows an active device (e.g., a FET) to be vertically
stacked above another active device (e.g., a BIT, diode, etc.)
in a single device layer. In conventional IC structures, 1t 1s
typically necessary to form active devices i horizontally
separated areas ol a single device layer, and/or to form
multiple device layers for each of the different components.
Additionally, embodiments of the disclosure allow multiple
active devices (e.g., a FET, BIT, diode, etc.) to be combined
into a smaller combined structure, thereby reducing the total
surface area occupied by the active devices 1n a design (e.g.,
in a bandgap reference circuit), thereby further improving
device density and reducing the surface area required to
implement various 1C designs.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting of the disclosure. As used herein, the singular forms
“a”, “an” and “the” are mtended to include the plural forms
as well, unless the context clearly indicates otherwise. It will
be further understood that the terms “comprises™ and/or
“comprising,” when used 1n this specification, specity the
presence ol stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, itegers, steps,
operations, elements, components, and/or groups thereof.
“Optional” or “optionally” means that the subsequently
described event or circumstance may or may not occur, and
that the description includes instances where the event
occurs and instances where 1t does not.

Approximating language, as used herein throughout the
specification and claims, may be applied to modily any
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quantitative representation that could permissibly vary with-
out resulting 1n a change 1n the basic function to which 1t 1s
related. Accordingly, a value modified by a term or terms,
such as “about,” “approximately,” and “substantially,” are
not to be limited to the precise value specified. In at least
some 1nstances, the approximating language may corre-
spond to the precision of an instrument for measuring the
value. Here and throughout the specification and claims,
range limitations may be combined and/or interchanged,
such ranges are identified and include all the sub-ranges
contained therein unless context or language indicates oth-
erwise. “Approximately” as applied to a particular value of
a range applies to both values, and unless otherwise depen-
dent on the precision of the mstrument measuring the value,
may indicate +/-10% of the stated value(s).

The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements 1n the
claims below are intended to include any structure, material,
or act for performing the function in combination with other
claimed elements as specifically claimed. The description of
the present disclosure has been presented for purposes of
1llustration and description, but 1s not intended to be exhaus-
tive or limited to the disclosure 1n the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the disclosure. The embodiment was chosen and
described 1n order to best explain the principles of the
disclosure and the practical application, and to enable others
of ordinary skill in the art to understand the disclosure for
vartous embodiments with various modifications as are
suited to the particular use contemplated.

The invention claimed 1s:

1. A bandgap reference circuit, comprising:

first and second vertically stacked structures, the first and
second vertically stacked structures each including:

a P-type substrate;

a P-well region within the P-type substrate;

an N-type barrier region between the P-type substrate
and the P-well region, the P-well region and the
N-type barrier region forming a PN junction;

a field eflect transistor (FE'T) above the P-well region,
separated from the P-well region by a buried 1nsu-
lator layer, the P-well region forming a back gate of
the FET; and

a first voltage source coupled to the P-well and apply-
ing a forward bias to a diode formed at the PN
junction between the P-well region and the N-type
barrier region.

2. The bandgap reference circuit according to claim 1,
wherein first voltage source concurrently biases the back
gate of the FET.

3. The bandgap reference circuit according to claim 1,
turther comprising:

a second voltage source coupled to the N-type barrier
region and applying a reverse bias to a PN junction
formed between the P-type substrate and the N-type
barrier region; and

a third voltage source coupled to the P-type substrate and
applying a reverse bias to the PN junction formed
between the P-type substrate and the N-type barrier
region.

4. The bandgap reference circuit according to claim 1,

wherein the N-type barrier region and the P-type substrate
are connected to ground.
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5. The bandgap reference circuit according to claim 1,
wherein the FET 1n the first vertically stacked structure and
the FET 1n the second vertically stacked structure form a
current mirror.

6. The bandgap reference circuit according to claim 1,
wherein the FET 1n each of the first and second vertically
stacked structures includes a source, a drain, and a gate, and
wherein the bandgap reference circuit further comprises an
operational amplifier, the operational amplifier having an
output coupled to the gate of the FE'T 1n each of the first and
second vertically stacked structures.

7. The bandgap reference circuit according to claim 6,
wherein the operational amplifier includes a first nput
coupled to a first node and a second mput coupled to a
second node, wherein the first node 1s coupled to a back gate
of the FET 1n the first vertically stacked structure.

8. The bandgap reference circuit according to claim 7,
wherein the bandgap reference circuit further comprises:

a first resistor coupled between the second node and the
back gate of the FET 1n the second vertically stacked
structure;

a second resistor coupled between the second node and
the drain of the FET in the second vertically stacked
structure; and

a third resistor coupled between the first node and a drain
of the FET 1n the first vertically stacked structure.

9. The bandgap reference circuit according to claim 8,
wherein a voltage across the first resistor 1s a proportional to
absolute temperature (PTAT) voltage, and wherein a voltage
across the diode formed at the PN junction between the
P-well region and the N-type barrier region in each of the
first and second stacked devices i1s a complementary to
absolute temperature (CTAT) voltage.

10. The bandgap reference circuit according to claim 9,
further comprising an output node connected to the second
and third resistors, the output node outputting a reference
voltage.

11. The bandgap reference circuit according to claim 6,
wherein the source of the FET 1n each of the first and second
vertically stacked structures 1s coupled to a supply voltage.

12. An integrated circuit, comprising:

a bandgap reference circuit for generating a reference
current, the bandgap reference circuit comprising:

first and second vertically stacked structures, the first and
second vertically stacked structures each including:

a P-type substrate;

a P-well region within the P-type substrate;

an N-type barrier region between the P-type substrate
and the P-well region, the P-well region and the
N-type barrier region forming a PN junction;

a field eflect transistor (FET) above the P-well region,
separated from the P-well region by a buried 1nsu-
lator layer, the P-well region forming a back gate of
the FE'T, wherein the FET in the first vertically
stacked structure and the FET 1n the second verti-
cally stacked structure form a current mirror; and

a first voltage source coupled to the P-well and apply-
ing a forward bias to a diode formed at the PN
junction between the P-well region and the N-type
barrier region, wherein the first voltage source con-
currently biases the back gate of the FET.

13. The integrated circuit according to claim 12, further
comprising;

a second voltage source coupled to the N-type barrier
region and applying a reverse bias to a PN junction
formed between the P-type substrate and the N-type
barrier region; and
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a third voltage source coupled to the P-type substrate and
applying a reverse bias to the PN junction formed
between the P-type substrate and the N-type barrier

region.

14. The integrated circuit according to claim 12, wherein
the FET 1n each of the first and second vertically stacked
structures includes a source, a drain, and a gate, and wherein
the bandgap reference circuit further comprises an opera-
tional amplifier, the operational amplifier including:

an output coupled to the gate of the FET in each of the first
and second vertically stacked structures; and

a first input coupled to a first node and a second input
coupled to a second node, wherein the first node 1is
coupled to a back gate of the FE'T 1n the first vertically
stacked structure:

wherein the bandgap reference circuit further comprises:

a first resistor coupled between the second node and the
back gate of the FET 1n the second vertically stacked
structure;

a second resistor coupled between the second node and
the drain of the FET in the second vertically stacked
structure; and

a third resistor coupled between the first node and a drain
of the FET 1n the first vertically stacked structure.

15. The mtegrated circuit according to claim 14, wherein

a voltage across the first resistor 1s a proportional to absolute
temperature (PTAT) voltage, and wherein a voltage across
the diode formed at the PN junction between the P-well
region and the N-type barrier region 1n each of the first and
second stacked devices 1s a complementary to absolute
temperature (CTAT) voltage.
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16. The integrated circuit according to claim 14, further
comprising an output node connected to the second and third
resistors, the output node outputting a reference voltage.

17. A bandgap reference circuit with vertically stacked
active silicon-on-insulator (SOI) devices, comprising:

a P-type substrate;

a P-well region within the P-type substrate;

an N-type barrier region between the P-type substrate and
the P-well region, the P-well region and the N-type
barrier region forming a PN junction;

a field effect transistor (FET) above the P-well region,
separated from the P-well region by a buried insulator
layer, the P-well region forming a back gate of the FET;
and

a first voltage source coupled to the P-well and applying
a forward bias to a diode formed at the PN junction
between the P-well region and the N-type barrier
region, wherein the first voltage source concurrently
biases the back gate of the FET.

18. The bandgap reference circuit according to claim 17,
wherein the N-type barrier region and the P-type substrate
are connected to ground.

19. The bandgap reference circuit according to claim 17,
further comprising a resistor coupled to the back gate of the
FET, wherein a voltage across the resistor 1s a proportional
to absolute temperature (PTAT) voltage, and wherein a
voltage across the diode formed at the PN junction between
the P-well region and the N-type barrier region 1s a comple-
mentary to absolute temperature (CTAT) voltage.
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